
Journal of Magnetic Resonance153,92–102 (2001)
doi:10.1006/jmre.2001.2434, available onlineat http://www.idealibrary.com on

Electron Spin Relaxation in Pseudo-Jahn–Teller Low-Symmetry Cu(II)
Complexes in Diaqua(L-Aspartate)Zn(II) ·H2O Crystals

S. K. Hoffmann,∗,1 W. Hilczer,∗ J. Goslar,∗ M. M. Massa,† and R. Calvo‡
∗Institute of Molecular Physics, Polish Academy of Sciences, Smoluchowskiego 17, PL-60179 Poznan, Poland;†Facultad de Ciencias Exactas, Ingenieria

Agrimensura, Universidad Nacional de Rosario, Avda. Pellegrini 250, 2000 Rosario, Argentina; and‡Facultad de Bioqúımica y Ciencias Bioĺogicas,
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Low-temperature (4–55 K) pulsed EPR measurements were
performed with the magnetic field directed along the z-axis of
the g-factor of the low-symmetry octahedral complex [63Cu(L-
aspartate)2(H2O)2] undergoing dynamic Jahn–Teller effect in
diaqua(L-aspartate)Zn(II) hydrate single crystals. Spin–lattice re-
laxation time T1 and phase memory time TM were determined by
the electron spin echo (ESE) method. The relaxation rate 1/T1 in-
creases strongly over 5 decades in the temperature range 4–55 K.
Various processes and mechanisms of T1-relaxation are discussed,
and it is shown that the relaxation is governed mainly by Raman re-
laxation processes with the Debye temperature ΘD = 204 K, with a
detectable contribution from disorder in the doped Cu2+ ions system
below 12 K. An analytical approximation of the transport integral
I8 is given in temperature range T = 0.025–10 ΘD and applied for
computer fitting procedures. Since the Jahn–Teller distorted con-
figurations differ strongly in energy (δ12 = 240 cm−1), there is no
influence of the classical vibronic dynamics mechanism on T1. De-
phasing of the ESE (phase relaxation) is governed by instantaneous
diffusion and spectral diffusion below 20 K with resulting rigid
lattice value 1/T0

M = 1.88 MHz. Above this temperature the re-
laxation rate 1/TM increases upon heating due to two mechanisms.
The first is the phonon-controlled excitation to the first excited vi-
bronic level of energy ∆ = 243 cm−1, with subsequent tunneling to
the neighbor potential well. This vibronic-type dynamics also pro-
duces a temperature-dependent broadening of lines in the ESEEM
spectra. The second mechanism is produced by the spin–lattice re-
laxation. The increase in TM is described in terms of the spin packets
forming inhomogeneously broadened EPR lines. C© 2001 Academic Press

Key Words: ESE; Cu2+electron spin relaxation; ESEEM; Cu2+

Jahn–Teller effect.
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I. INTRODUCTION

Electron spin relaxation consists of two processes. One is th
st dephasing of the precessional motion of spins (describe
y the spin–spin relaxation timeT2) or dephasing of the spin
ackets (described by the phase memory timeTM). The other is
e slower process of recovery of the population of the Zeema
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vels to the Boltzmann equilibrium value after excitation (de
cribed by the spin–lattice relaxation timeT1). In the majority
f casesT2 is too short to be measured by pulsed EPR tech
iques.T1 À TM at low temperatures, and bothT1 andTM can
e measured by the electron spin echo (ESE) method.
Spin–lattice relaxation processes and mechanisms seem to

etter understood than those producing dephasing, but non
olved theoretical and experimental problems still exist. Spin
ttice relaxation theories suffer from crude approximations o
e spin–phonon coupling coefficient (1–3), whereas the expe-

mental problem is how to differentiate various contributions
T1 (4, 5) and even how to avoid artifacts in the determination

f T1 from the relaxation curves (3, 6). Since theT1-magnitude
not well reproduced by existing theories, the main sourc

f information is its temperature dependence. For paramagne
ns diluted in ionic dielectric crystals the relaxation rate 1/T1

creases several orders of magnitude upon heating from li
id helium temperature to room temperature and is governe
ainly by two-phonon Raman processes. In such a case, th
retical calculations of the relaxation rate assume the Deb
odel of lattice vibrations with a density of phonon state
(ω) ∝ ω2, although it is well known that this model is far from
e real phonon spectra of even simple crystals. Some modi

ations have been proposed withρ(ω)∝ωp (p< 2) (7, 8) or by
aking the Debye cutoff frequency less abrupt (9). For a de-

cription of the temperature dependence of 1/T1 for the Raman
rocesses the transport integrals over a Debye phonon sp
um must be calculated numerically (10). Recently we pro-
osed an analytical approximation of theI8 transport integral
r Kramers transitions, appropriate for Cu2+ ions, and valid
r the temperature rangeT = 0.055–2.52D (11), where2D

the Debye temperature. In this paper a better approximatio
hich can be easily used in computer fitting procedures, is pr
osed and extended to the lower temparature range, valid f
= 0.025–102D.
Additional complications arise in Jahn–Teller active para
agnetic centers where local vibronic dynamics influences d
ctly or indirectly the spin–lattice relaxation via various mech

nisms of the potential barrier crossing (12, 13). In disordered,
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SPIN RELAXATION OF C

amorphous, or polymeric systems the concept of phono
restricted validity, and the relaxation rate is weakly affect
temperature and governed by local molecular dynamics14)
The relaxation of free radicals produced by ionizing radiat
molecular crystals can also be governed by local disord
molecular dynamics (15, 16), indicating that ordinary phon
relaxation processes are not active.

Various spin–lattice relaxation processes and mechanis
shortly reviewed in this paper and applied to the analy
experimental data for low symmetry octahedral Cu2+ complex
undergoing the pseudo-Jahn–Teller effect. We also ident
influence of the nonuniform Cu2+distribution on the relaxat
rate at low temperatures.

The electron spin relaxation times were determined usi
electron spin echo technique. The ESE signal can be ge
and ESE dephasing timeTM can be measured for inhomo
neously broadened EPR lines only. The existing theories
ESE dephasing (phase relaxation) describe various mech
producing random changes in the precession phase (17–19)
These theories were verified for simple model systems
the decay of the ESE amplitude after excitation was wea
not disturbed by the Larmor precession of the surrounding
netic nuclei. In most cases, however, the decay is comp
by the strong modulations produced by a weak dipolar co
between unpaired electrons and the nuclei. The proble
how to separate the decay and modulation functions and
differentiate various types of theoretically predicted exp
tial decays. For paramagnetic center concentration high
1018 spin/cm3 the phase relaxation is governed by the sp
and instantaneous diffusion within the unpaired electron s
For lower concentration the effects from the nuclear spect
fusion and the temperature-dependent dephasing mech
can have dominant contributions. In this paper we identi
contributions of the vibronic dynamics and spin–lattice r
ation to the temperature dependence of the dephasing rat/TM

The vibronic dynamics effects are not detectable in the
lattice relaxation of Cu2+ in Zn(L-aspartate)· 3H2O because
the relatively slow reorientations between strongly none
lent Jahn–Teller distorted configurations. In contrast to th
phase relaxation is sensitive to these reorientations bec
very narrow spin packets forming EPR lines. It allows o
determine the energy of excited vibronic levels from tem
ture variations of 1/TM. This is a very unique property of E
phase relaxation, and we will show that the vibronic dyn
also influences the linewidth of the ESEEM spectrum lines
ENDOR-type spectrum is obtained from the Fourier tran
of the ESE modulation function.

Contribution from spin–lattice relaxation processes is
erally underestimated in published papers, but we have
previously (5, 20) and we will show here that this mechan
contributes to the dephasing rate at intermediate and hig

peratures.

Aspartic acid COOHCH2CHNH2COOH salts are intere
ing as model systems to study metal–protein interactions21).
(II) IN Zn(L-ASPARTATE)· 3H2O 9
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FIG. 1. Projection of the structure of Zn(L-aspartate)· 3H2O onto thea
plane. The localx, y, zaxes of the EPRg-tensor are marked. Cu2+ ions substitu
the Zn2+ ions, and thez andy directions are Jahn–Teller active.

Copper(II) complexes with aspartic acid were studied in so
and in solids and characterized by structural (22), spectrosco
(22), and magnetic (22, 23) methods. The aspartate molecu
potentially a tridentate ligand (21) and the metal complexe
Cu(L-aspartate)· 2H2O (22) and in Zn(L-aspartate)· 3H2O (24
have different structures. The Cu2+ ion in the copper salt is fi
coordinated in a distorted tetragonal pyramidal coordinat
has two water molecules, the terminal carboxylate oxygen
aspartate molecule, the residual carboxylate oxygen, and
gen atom of the adjacent aspartate molecule as its nearest
In the zinc compound, the Zn2+ ions are in a distorted octahe
coordination with aspartate ions as tridentate ligands and b
to two water molecules and an oxygen of an other aspart
(Fig. 1). Recent EPR studies (24) have shown that Cu2+ ion
doped into Zn(L-aspartate)· 3H2O crystals display a vibron
type behavior withg-factors and hyperfine splittings avera
gradually on heating. In the temperature range 100–300
behavior was described in terms of the pseudo-Jahn–Te
fect, assuming Boltzmann equilibrium between two Jahn–
configurations of the octahedron distorted along the O–Cu2O
bonds (24). In this simple model (25, 26) the minima in the ad
batic potential surface are strongly nonequivalent with an e
differenceδ12= 240 cm−1. The third minimum, located at ab
440 cm−1, corresponds to a configuration elongated alon
O–Cu–N bond. This state is practically unpopulated below
temperature. A two-well model has been used to describe
bronic dynamics of octahedral Cu(H2O)2+6 complexes in Tutt
salt crystals (25–27). In Zn(L-aspartate)· 3H2O:Cu2+ this mod
is valid above 100 K, when the two lowest energy distorted
figurations are thermally populated. Below this temperatu
Cu2+ complexes undergo relatively slow reorientations be
st-
(

these two configurations. This slow reorientations produce,
however, the well-measured effects in the electron spin phase
relaxation.



94

tio
zin r
gr
gr
re
do
hy
co
EP

ES
flo -
m
ne
of
un
sw K
is t
of
Cu t
in
nu
re
ar
1/
pe K
sin
te

by

the
the
we

e
t s
e e

e

a

a e
e

a

ay
-
r

o

u g

-

o

e

p -
ic n
HOFFMANN

II. EXPERIMENTAL

Zn(L-aspartate)· 3H2O was obtained from a hot water solu-
n (100◦ C) of stoichiometric quantities ofL-aspartic acid and
c carbonate hydroxide. Large rod-shaped single crystals we

own from saturated solution at 60◦C. They belong to the space
oup P212121 (Z = 4) (24), are elongated along the [010] di-
ction, and have well-developed{110} faces. The crystals were
ped with a 0.1% Cu/Zn ratio by adding copper(II) nitrate tri-
drate enriched with 99%63Cu to the mother solution. The
ncentration of copper ions in the crystal was evaluated b
R to be 7× 1018 spin/cm3.

Pulsed EPR experiments were performed using a Bruke
P380E FT/CW spectrometer equipped with an Oxford CF93

w helium cryostat. Electron spin relaxation times were deter
ined from measurements of a single crystal with the mag
tic field along the molecularz-axis (g-tensorz-axis) of one
the four magnetically nonequivalent Cu2+ sites in the crystal
it cell (see Fig. 1). The EPR spectrum recorded by the field
ept electron spin echo method along this direction at 10
shown in Fig. 2. This absorption-type EPR spectrum consis
four hyperfine quartets (I–IV) from the four nonequivalent
2+ sites. The lines corresponding to sites III and IV are spli

to 1 : 1 : 1triplets due to the hyperfine interaction with the14N
cleus of the aspartate ligand. In the pulsed EPR experimen
ported here the low-field hyperfine line of site I (marked by
row in Fig. 2) was excited by microwave pulses. Thus, only
16 of the total amount of Cu2+ ions were excited. The ex-
riments were performed in the temperature range 4–55
ce the electron spin echo signal was nondetectable at high

mperatures.
The electron spin–lattice relaxation timeT1 was determined
the saturation recovery method. The full saturation, recog

FIG. 2. Field-swept ESE spectrum along theg -axis at 10 K. I–IV indicate
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hyperfine quartets of the four magnetically nonequivalent copper(II) sites in
unit cell. The arrow marks the line for which the pulsed EPR experiments

re performed.
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FIG. 3. Log-log plot of the temperature dependence of the spin–lattice
laxation rate measured with magnetic fieldB‖gz. The solid line is the best
assuming linear and two-phonon Raman relaxation processes (Eq. [5]) a
scribed in the text. The dashed line is the best fit with Eq. [6] describing th

rbach–Aminov-type relaxation processes via two excited vibronic states. Th
set shows the recovery of magnetization at 25 K.

ized by the vanishing of the ESE signal, was achieved with
4-ns pulse (41.7 MHz= 14.9 G spectral width). The magneti-
tion recovery was single exponential (see inset in Fig. 3) in th

hole temperature range and was monitored with a two- puls
ahn ESE signal generated by two 16-ns pulses separated by
48-ns time interval.
The phase memory timeTM, describing the phase relaxation

f the precessing spin packets, was determined from the dec
f the ESE amplitude using two 16-ns pulses for the ESE gen
ration. The decay was strongly modulated by the weak dipola
upling with surrounding magnetic nuclei. Thus, the observed

SE amplitude decay was described byV(2τ ) = Vdecay· Vmod,
hereτ is the interpulse interval. To single out these two contri-
tions is not trivial and is based on computer simulations usin

xisting theories of phase relaxation.
We have found weak effects from instantaneous diffusion in

icating that the concentration of the Cu2+ ions is not low enough
avoid dipolar Cu–Cu interactions.

III. ELECTRON SPIN–LATTICE RELAXATION

1. Theoretical Temperature Dependence
of the Relaxation Rate in Solids

The primary mechanism of the spin–lattice relaxation of non-
teracting paramagnetic centers is a phonon modulation of th
lectric crystal field that influences the spin orientation via the
in–orbit coupling. This mechanism can act via various acous
phonon processes usually involving the direct one-phono
rocess, two-phonon Raman processes, or excitations to high-
nergy orbital levels (Orbach–Aminov process). They are de-
ribed in Krönig–Van Vleck theory (1–3), which for Cu2+
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SPIN RELAXATION OF Cu

(Kramers ion) gives

1

T1
= AdirT + ARamT9I8

(
2D

T

)
+ AOrbach1

3 exp

(
−1orb

kT

)
.

[1]

The linear term dominates below the liquid helium tempera
The Raman term (T9 temperature dependence modified by
transport integralI8(2D/T) taken over the Debye-type pho
spectrum up to the Debye temperature2D) dominates at high
temperatures in ionic and molecular crystals. The expon
term is the contribution of the Orbach–Aminov process,
duced via an orbital level of energy1orb. The A-coefficients i
Eq. [1] depend on details of the electron–phonon coupling

Besides the above-described classical spin–lattice rela
processes, one may consider the following contributions to/T1

1

T1
= Aloc cosech

(
1l

kT

)
+ Aopt cosech2

(
1ph

2kT

)
+AbottlT

2+ Atherm

(
2τc

1+ ω2τ 2
c

)
. [2]

The term cosech(x) = 2/(ex − e−x), with (x = 1l/kT), de
scribes the contribution from a local vibration mode (Murp
mechanism) and can be understood as a phonon absorpti
excitation of a local vibration and electron spin flip. It is
scribed in terms of a double-well oscillator with1l being the tun
neling splitting that determines the tunneling frequency bet
the two wells (28). This term is practically linear (1/T1 ∝ T) for
kT > 1l . Some authors (29) use the expression [ex/(ex − 1)2]
instead of cosech(x) in Eq. [2] as a low-temperature appro
mation. Murphy’s mechanism (28) often dominates in organ
materials where it is related to a local vibration mode, m
group tunneling rotation, or torsional oscillations of molec
groups (15).

Most relaxation mechanisms assume that the long
acoustic phonons play a dominant role in modulating the c
field. However, at high temperatures the optical phonons
ing high density of states, can give an important contributi
1/T1. A contribution from optical phonons can be expected
in organic crystals, where often the optical mode energy c
the same magnitude as the Debye energy. The term propo
to cosech2(x) in Eq. [2] describes the relaxation through an
tical phonon of energy1ph (30). The quadratic term in Eq.
describes thebottleneckeffect resulting from the overheating
the phonon mode at low temperatures (31). The last term co
siders the contribution from any dynamical process produc
random molecular and spin dynamics, having exponential
lation function characterized by the correlation timeτc of the pro
cess. In particular, this process can be thermally activate

τc given by the Arrhenius equationτc = τ0 exp(Ea/RT). This
term is analogous to the dipolar nuclear spin–lattice relax
in NMR and describes also the electron spin cross-relaxati
(II) IN Zn(L-ASPARTATE)· 3H2O 95
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dipolar coupling between two different types of paramag
centers (32).

In disordered, amorphous, or glassy solids, or in biolo
materials, the concept of phonons is limited, and the spin–
relaxation is governed mainly by modulation of the hype
coupling by tunneling two-level systems (TLS), by a cr
relaxation between isolated ions and exchange-coupled
having singlet–triplet gap1ST, or by exchange coupling
tween the pairs of ions. These mechanisms lead to a temp
dependence described by the equation

1

T1
= ATLS

1

ω2

xmax∫
xmin

x

sinhx
dx+ Across1ST cosech

(
1ST

kT

)

+ Apair

[
exp

(
1ST

kT
+ 1

)]−1

. [3

The first term describes relaxation of a spin coupled to the n
TLS with the integration over the TLS energy distribution f
xmin= Emin/kT to xmax= Emax/kT (14, 33–35). The secon
term describes the cross-relaxation between single ions a
change coupled pairs (14, 36) (seeAloc in Eq. [2] for a compa
ison) and the last term describes the relaxation of the pa9
14, 37). Since 1/sin h(x)= cosech(x) the first two contribution
exhibit similar temperature dependence but for the TLS m
anism the frequency dependence is characteristic. In lim
cases of low and high temperatures both contributions c
approximated by theaT2 andbT terms, respectively. Thus
low temperatures (below about 8 K) the relaxation rate ex
T2 dependence, which changes to linear temperature d
dence as the temperature increases and to an exponent
relaxation at higher temperatures (above 40 K). A similar
perature behavior is expected in doped or irradiated crysta
strongly inhomogeneous distribution of paramagnetic cen
when the doping level is larger than 1% (9, 15).

For Jahn–Teller active paramagnetic centers, like Cu2+ com
plexes, the reorientations between Jahn–Teller distorted
gurations (interconversions of the elongation axis betwee
three directions in octahedral coordination) give rise to a m
anism of spin–lattice relaxation. The reorientations can
ulate anisotropic spin interactions, likeg-factor and/or hyperfi
anisotropy, producing spin flips. In such a case the spin–
relaxation time is much longer (about two orders of magn
for Cu2+ ions) than the correlation timeτr of the reorientatio
and, moreover, a strong angular variation ofT1 is predicted wit
temperature dependence (13, 38),

1

T1
= AJTT + BJTT3I2

(
2D

T

)
+ CJTT5I4

(
2D

T

)
+ DJT exp

(
−1vibronic

)
, [4
ation
on via

kT

where the coefficientsA–D depend on the reorientation time
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. The meanings of the terms in Eq. [4] are as follows. At low
mperatures, in the static Jahn–Teller limit, the reorientation
n appear via tunneling between the ground states when
tential wells are equivalent. This mechanism is described b
ear andT3 terms in Eq. [4] withAJT and BJT dependent on
0|2, where 30 is the tunneling splitting of the ground vibronic
ate. At higher temperatures the dynamic Jahn–Teller effe
comes effective with reorientations produced by two mech

sms (12): (a) phonon-assisted tunneling via a virtual phonon
ate of energyδ12, the energy difference between two poten-
l wells. This mechanism leads to the linear andT5 terms
Eq. [4] with AJT and CJT coefficients depending onδ12;

) phonon-controlled tunneling via an excited vibronic stat
energy1vibronic. This mechanism is described by the expo
ntial term in the Eq. [4]. The exponential term describes simu

neously the Orbach–Aminov-type relaxation processes via
cited vibronic state of energy1vibronic. Such a process is al-

wed due to mixing of the electronic and nuclear wavefunction
the vibronic state and is not allowed for pure vibrational lev
s. The phonon-controlled and the Orbach–Aminov process
oduce similar temperature dependence of 1/T1 but differ in
e DJT coefficient value. For the first process theDJT is of the
der of the tunneling frequency (106–107 s−1), whereas for the
cond processDJT is of the order of the vibronic frequency
012–1013 s−1).
The vibronic energy1vibronic is about 100–300 cm−1, and

e found that such exponential type of spin–lattice relaxatio
minates for Cu2+ in SrF2 crystals (39).
Beside the modulation mechanisms described above, the
so exists also a direct coupling via phonons between states
posite spin in different Jahn–Teller distorted configurations
a consequence of the spin–orbit coupling. In this mechanis

e reorientation rate 1/τr and the relaxation rate 1/T1 are iden-
al, and in the case of the spin–orbit phonon-induced tunnelin
ocess the relaxation is described by the linear andT5 terms
Eq. [4] but with AJT andCJT coefficients depending on the
in–orbit coupling constant|λ|2, as was found for paramag-
tic centers in diamond (40). The relationship betweenT1 and

e reorientation rate was studied theoretically also for spin
bit tunneling phonon-controlled processes in the case of stro
nequivalence of the potential wells (41). A characteristic fea-

re of the spin–orbit-driven mechanisms is the independence
e direct relaxation process (linear term) on the magnetic fie
d the very broad temperature range where this linear term c
minate (42).

2. Experimental Temperature Variations of T1

Equations [1–4] indicate that identification of the relaxation
echanism from the observed temperature variation ofT1 can
t be unique. Figure 3 shows that the dependence of 1/T1 with
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m
p

p
i
p
c
t
t
s
i
t
v
o
b
l
s
l
t

a
e
t
T
t
i
p
8
o
Z
p
f
a
n
c
a
m
s
t

t
I
c
a
b
T

a

for Zn(L-aspartate)· 3H2O:Cu is monotonic in the whole
mperature range. Thus, the large number of possible process
d mechanisms does not allow unique fitting of the experi
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ental data by the equations, and any fit must be supported
hysical arguments or other pieces of information.
Cw-EPR data on Zn(L-aspartate)· 3H2O:Cu2+ (24) have

roved that the dynamical pseudo-Jahn–Teller effect operat
the low-symmetry octahedral [Cu(L-aspartate)2(H2O)2] com-

lexes. Thus, we have analyzed whether our experimental da
an be fit with Eq. [4]. The results were very unsatisfactory and
e observed increase of 1/T1 from 5×101 s−1 to 4×106 s−1 in
e temperature range 4–55 K was too large to be described co

idering only the reorientation mechanism. This is not surpris
g because the vibronic dynamics of Cu2+ is rather slow in this
mperature range, as indicated by a relatively small onset of th

ibronic averaging of theg-factors at low temperatures (Fig. 8
f Ref. (24)). Moreover, the energy differenceδ12= 240 cm−1

etween the two lowest Jahn–Teller distorted configurations
rge. At temperatures below 55 K, where the relaxation mea

urements were performed, all Cu2+ complexes are practically
calized in the deepest potential well, i.e., are elongated alon
e H2O–Cu–O4 direction (see Fig. 1).
Since the EPR spectra do not show any disorder in the cryst

nd the magnetization recovery after pulse excitation is singl
xponential in the whole temperature range (see inset in Fig. 3
ere is no reason to expect relaxation via TLS-type system
here are no EPR-detectable strongly coupled Cu–Cu pairs
e studied crystal. However, a weakly coupled pair may ex
t, as suggested by the instantaneous diffusion effects. Su
airs will produce theaT-type temperature dependence above
K (see the discussion of Eq. [3]). Beside the reorientation

f H2O molecules, there are no other local oscillators in the
n(L-aspartate)· 3H2O crystal, and the only thermally activated
rocesses are the Jahn–Teller reorientations. Moreover, an
ct from optical phonons is not expected at low temperature
nd the low-temperature bottleneck effect (T2-dependence) is
ot observed. Thus, we can assume that our experimental da
an be described by Kr¨onig-Van Vleck theory (Eq. [1]) with
contribution from exchange coupled pairs and with possibl
ultiexponential contributions from theDJT terms of Eq. [4]

ince the single exponential function does not fit the tempera
re data.
In order to be able to fit the data with Eq. [1] we ob-
ined an analytical approximation of the transport integra
(2D

T ) = ∫ 2D/T

0
ez−z8

(ez−1)2 dz for 2D/T = 0.1–40.0 using numeri-
al data given in Ref. (10). This integral can be approximated by
polynomial function of ln(2D/T) for 2D/T = 0.1–15.0 and
y an exponential function for2D/T = 15.0–40.0 as shown in
able 1.
The best fit of the data was obtained considering the linea

nd Raman terms:

1

T1
= aT + ARamT9I8

(
2D

T

)
. [5]
es
-
he fit givesa = 9 K−1 s−1, ARam= 1.0× 10−12 K−9 s−1, and
D = 204 K and is shown by the solid line in Fig. 3. Thea and
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TABLE I
Analytical Approximation of the Transport Integral I8(x) =

∫ x
o

ez−z8

(ez−1)2 dzwith
x = ΘD/T in the range x = 0.1–40.0

Range:x = 0.1–15.0

I8 = exp{A0 + A1 ln x + A2(ln x)2 + A3(ln x)3 + · · · + A9(ln x)9}
A0 = −2.00976, A1 = 6.87231, A2 = −0.12936, A3 = −0.0788, A4 = −0.03222,

A5 = −0.01593, A6 = −0.00549, A7 = 9.85532· 10−4, A8 = 6.21152· 10−4, A9 = −1.857· 10−5

Range:x = 15.0–40.0
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I8 = y0 + a1

Y0 = 40486.52036, x0 = 15, a1 = −1534.320

ARamvalues are typical for Cu2+ complexes. The relatively go
fit was obtained also with two exponential functions (dashe
in Fig. 3),

1

T1
= aT + D1 exp

(
−11

kT

)
+ D2 exp

(
−12

kT

)
, [6

with a= 10 K−1 s−1, D1= 7× 107 s−1, D2= 15× 107 s−1

and vibronic level energies11= 117 cm−1= 168 K and12=
236 cm−1= 340 K. The value of the coefficientsDi sugges
phonon-controlled tunneling between potential wells.

The Raman process gives a reasonable value of the
temperature2D = 204 K. The relaxation via the excited
bronic levels gives reasonable1-values, with the ratio12/11 ≈
2 expected from a harmonic oscillator approximation
vibronic complexes are localized in the deepest pot
well. There are arguments, however, to eliminate the
ond interpretation and favor the Raman-type relaxatio
δ12= 240 cm−1À11= 117 cm−1, the phonon-controlled tu
neling via the first excited vibronic state suggested by the
of the D1 coefficient is not possible.

The second argument results from the phase relaxatio
ies, which give the11-value, as is described in the next
tion. Moreover, we have found in comparative relaxation
ies of the Cu2+ and Mn2+ (non-Jahn–Teller ion) in Tutton s
having very similar adiabatic potential surface to that inL

aspartate)· 3H2O that the Raman processes govern the
ation for both ions with the same relaxation parameter5)
Thus, we conclude that the vibronic dynamics does no
tribute significantly to the spin–lattice relaxation of the Cu2+ in
Zn(L-aspartate)· 3H2O.

The existence of the linearaT-term in the interpretation
the experimental data needs some comments. This term
not describe the direct one-phonon relaxation process si
influence is observed up to 12 K (see Fig. 3), whereas the
process can dominate below 4 K. Because instantaneou
sion effects are observed, as will be discussed below, w
identify the linear term as due to the relaxation of Cu–Cu
e pairs can appear in the crystal as a res
stribution of the doped Cu2+ ions because of
u2+ concentration (higher than 1018 ion/cm3).
xp[−(x − x0)/t1]

1, t1 = 1.79496
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IV. ELECTRON PHASE RELAXATION

1. Phase Relaxation Mechanisms: Decay
of the ESE Amplitude

Dephasing of the precession motion of spins is observ
decayV(2τ ) of the electron spin-echo amplitude, which ca
described by the exponential function

V(2τ ) = V0 exp(−mτ k), [7

with k = 0.5–3, and them-coefficient depends on the relaxa
mechanism (17). The decay function in Eq. [7] can be desc
by a characteristic timeTM, called the phase memory time.
the single exponential function (k = 1) one can writeV(2τ ) =
V0 exp(−2τ/TM), whereas fork 6= 1 we can define

TM =
(

1

m

)1/k

. [8

In pulsed EPR studies of paramagnetic ion complexes, b
the pulse excitation band is much narrower than the EPR
trum width, microwave pulses can excite only a part of the
In two-pulse EPR experiments, a second pulse refocus
precession of the excited spins (spins A). Thus, only sp
contribute to the ESE signal amplitude; nonexcited spins
not contribute, but can produce the dephasing of spins A
dephasing (phase relaxation) may be a consequence of:
crease of the number of spins A, as a result of the electro
diffusion converting spins A into spins B or/and spin–lattic
laxation processes; (ii) spectral diffusion and/or instanta
diffusion due to random fluctuations of the phase of the
cession produced by fluctuating local magnetic field. The
decay function is the product of the independent relaxatio
cesses,

V(2τ ) = VSD · VID · V0, [9

where the first two processes depend on the unpaired e

ult of
a

concentration and describe the effect of spectral diffusion within
an electron spin system (VSD) and the effect of the instanta-
neous diffusion (VID) produced by the refocusing pulse. The
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st factor,V0, considers concentration-independent contribu
ons, dominating when interactions between unpaired electro
re negligible and

V0 = VNSD · Vmotion · Vspin–lattice. [10]

hen the effects ofVSD andVID are negligible, the role of spins
is played by the nuclear spins, and the phase relaxation at rig
ttice limit is governed by nuclear spectral diffusion,

VNSD = V0 exp(−mτ k), [11]

here (18)

m= 2πWncn

(
µ0

4π
3rnγnγehÃ

)3/4

.

Eq. [11],Wn is the nuclear flip–flop rate due to internuclear
ipolar coupling,cn is the concentration of the nuclei, andrn

an average internuclear distance. The theory predicts that t
dexk depends on the interpulse distanceτ : k= 7/4 for longτ
ndk = 3 for shortτ . In practicek = 2 is observed (17, 18). The
hase memory rate 1/TM due to the nuclear spectral diffusion is
mperature independent and is determined by distribution of th
agnetic nuclei in the crystal. This gives the rigid lattice limit

alueTM that, as a rule, is longer than 0.1µs for proton NSD in
olecular crystals and can be influenced by molecular motio

Vmotion) and by spin–lattice relaxation processes (Vspin–lattice) at
igher temperatures (16).

2. Experimental TM Values and Temperature Variations

The observed decay of the ESE amplitude for Cu2+ in Zn(L-
spartate)· 3H2O (shown forT = 10 K in Fig. 4) is single
xponentialV(2τ ) = V0 exp(−2τ/TM) in the whole tempera-
re range. The temperature variation of the phase relaxatio
te 1/TM is shown in Fig. 5.

FIG. 4. Electron spin echo (ESE) decay at 10 K. The best fit, obtained with

s
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is
single exponential function withTM = 0.53µs, is shown as the solid line. The
ourier transform of the modulation function is shown in the inset. The peaks
ssigned to14N, 1H, and1H-overtones are marked.
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FIG. 5. Temperature dependence of the phase relaxation rate 1/TM. The
lid line through the experimental points is the best fit calculated with Eq. [14]
e three contributions to the total rate are shown separately asT0

M, rigid lattice
lue;T1, spin–lattice relaxation contribution, and vibronic phonon-controlled
nneling through vibronic level of energy1 = 243 cm−1.

.1. Rigid Lattice Dephasing Rate

Below 20 K the dephasing rate is temperature independen
ith 1/T0

M = 1.88 MHz and the decay function of the exp(−bτ )-
pe. For nuclear spectral diffusion of protons the decay function
f exp(−bτ 2)-type is expected and the dephasing rate due to
is mechanism can be evaluated from Eq. [11] takingcn =
2 × 1028 m−3 (for 44 protons in the unit cell with volume
41.97× 10−30 m3 (24)), and proton–proton flip–flop rate (18)

Wn =
(
µ0

4π

)
γ 2

n hÃ

10
cn = 3925 s−1. [12]

or k = 2, Eq. [11] gives a dephasing rate 1/T0
M(NSD) =

14 MHz. Thus, the NSD gives a negligible contribution to the
tal rate. Another temperature-independent contribution can b

xpected from the electron spectral diffusion and instantaneou
iffusion.
Spectral diffusion (SD) arises from dipolar coupling between

onexcited spins B which produce dephasing of the excite
ins A. A random distribution or spins B results in a distri-
tion of the dipolar flip–flop rates, but the SD effects depend
ainly on the most probable rate which can be calculated a
7, 43),

Wmax=
(
µ0

4π

)2 25π3

36
γ 4

e hÃ 2c2
B
1ω1/2

1ω2
k

(
ln

1ωk

21ω1/2

)2

, [13]

herecB[m−3] is the concentration of the spins B. The1ωi

the half-width at half-height. The1ωk is the experimental

ewidth, due to the unresolved spin packets, equal to1ωk =

3 G = 43.8 MHz, and the dipolar linewidth1ω1/2 can be
lculated as1ω1/2= (µ0/4π )3.8γ 2

e hÃ ce= 17.4 MHz. Thus, the
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most probable flip–flop rate is equal toWmax = 1.1× 105 s−1

indicating that the SD is in the fast range for which the
decay rate is 1/T0

M(SD)= 2.5× 10−19cB = 1.65 MHz. This
very close to the observed value of 1.88 MHz.

Instantaneous diffusion (ID) is due to the second pulse
on spins A only. This refocusing pulse reverses spins A an
duces perturbation of the dipolar coupling between on-reso
spins which is a source of the spin-precession phase rand
tion (18). The resulting decay of the ESE is described by the
tion V(2τ ) = V0 exp(−2bτ ) with b = 1ω1/2 sin2 (2/2)cA/ce

where2 is the magnetization turning angle which is equ
2π/3 for Hahn-type ESE. Thus, the phase relaxation rate
the ID is equal to 1/T0

M(ID) = b = 0.82 MHz.
The contributions from SD and ID have the same order o

nitude and the effective decay rate 1/T0
M(SD+ ID)= 2.47 MH

is slightly larger than the experimental value 1.88 MHz. Th
however, a relatively good approximation in light of the
perimental error in Cu2+ concentration determination and
estimation of the dipolar linewidth1ω1/2.

2.2. Temperature Dependence of the Dephasing Rate

The dephasing rate can be influenced by temperatu
result of motions of the spin system. The motions can b
spin flips due to the spin–lattice relaxation processes a
as molecular vibrations of a paramagnetic center or sur
ing matrix molecules. These motions can be related to vi
dynamics, exchange-type jumps, fast spectral diffusion
dynamical EPR line narrowing, and vibrations of the ce
with anisotropic EPR parameters. As these mechanisms
well explained theoretically, we will describe the temper
dependence in terms of the spin packet model.

Spin packet model.Since1Bpacket∝ 1/TM, an influence
molecular motions onTM can be understood in terms of v
ations of the width of the spin packets giving rise to the
mogeneously broadened EPR line (see Fig. 6a). This wid
be determined from the Fourier transform of the decay fu
V(2τ ).

Thermal motions of a paramagnetic complex or ra
molecule having anisotropicg-tensor and/or hyperfine split
A produce time-dependent shifts1g(t) and1A(t). The fre
quencies of these motions are about 1012–1014 s−1 and produ
FIG. 6. (a) Single spin packet with width1Bpacketunder an EPR line infl
enced by molecular motions; (b) Temperature variations of the phase rel
rate 1/TM due to a paramagnetic center and matrix molecular motions.
(II) IN Zn(L-ASPARTATE)· 3H2O 9
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FIG. 7. (a) Two spin packets resulting from dipolar interaction in a two
system with splitting1ω influenced by exchange-type dynamics; (b) Reso
enhancement of the phase relaxation rate 1/TM as a result of a transition f
slow to fast exchange limit.

homogeneous broadening of the individual spin packets,
mining its linewidth1Bpacket. Thus, an increase with temp
ture in the amplitude of the molecular motion should pro
a continuous spin packet broadening, which is observed
acceleration of the phase relaxation rate 1/TM (Fig. 6b).

For slow molecular motions or high concentration of mag
nuclei, the spin packet width can be determined by the
magnetic field fluctuations. In such a case, the motions
matrix molecules can produce an averaging of the loca
leading to spin packet narrowing upon heating. As the re
continuous decrease in the phase relaxation rate can be e
(Fig. 6b).

Another resonance-type contribution of the molecular m
appears when spin packets are due to nonresolved supe
fine structure from dipole–dipole coupled groups of nucle
H2O or NH3 groups. In the case of a two-spin group, two
packets splitted by1ω are expected, as shown in Fig. 7
there exists an exchange-type process or jumps betwee
of the system characterized by the correlation timeτc (like reor
entations of molecular groups), then the two spin packets
merge. For slow transition rate (1/τc¿1ω), two separated s
packets are hidden under the EPR line. When the transiti
increases, the packets broaden, and for 1/τc ≈ 1ω the pac
ets merge into a single broad line. This line continuousl
rows when 1/τc increases. Such a transition from the slo
the fast motion limit can be observed when the transitio
thermally activated. It produces a maximum in the tempe
dependence of 1/TM (Fig. 7b), as was observed for rotating
groups in nitroxide molecules (44) and NH3 groups in crysta
(45–47).

The increase in 1/TM for Zn(L-aspartate)· 3H2O:Cu2+

(see Fig. 5) has no resonant character and is due to
complex motions. The motions can be identified as excit
to the higher energy level and as the spin–lattice relaxatio
of the spins. They are described by the second and third
in the following equation, which fit well the experimental d
u-
axation

1

TM
= 1

T0
M

+ w exp − 1
kT

+ α 1

Tl
, [14]
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here 1/T0
M = 1.88×106 s−1 is the rigid lattice limit dephasing

te discussed in Section IV.2.1. The fitting parameters arew =
.0×108 s−1,1= 243 cm−1= 174 K,α= 0.5, andT1 is given by
e Raman and linear contributions as described in Section III.
he best fit is shown by the solid line in Fig. 5, where the thre
ontributions are separately shown.
The exponential term describes thermal excitations to the fir

xcited vibronic level of energy1. The coefficientw indicates
at this dephasing mechanism can be understood as a phon

ontrolled tunneling between two potential wells with tunneling
equencyw = 400 MHz (see Fig. 8). The dephasing of the
recessional spin motion due to this mechanism has not be
onsidered theoretically in detail, but it was suggested (48) and
bserved by us for Cu2+ ions in different crystals (5, 20, 39).
he possible excitations and relaxation back within the sam
otential well (Orbach–Aminov-type process) do not operate
ince thenw should be on the order of the vibrational fre-
uency 1013 s−1. The contribution from spin–lattice relaxation
rocesses is possible since there is a rapid increase in the 1/T1

laxation rate, which becomes comparable to the dephasing r
bove 40 K (Fig. 9). In that case the effective relaxation rate ca
e expected to be 1/T2

∗ = 1/TM + 1/(2T1) = 1.5/T1 when
1 < TM. In our fittingα = 0.5 in Eq. [14], indicating that the
ephasing rate is not overdominated by spin–lattice relaxatio
rocesses.

Motional effects in the ESEEM spectrum.The width of the
pin packet can be calculated as1Bpacket[G] = 0.131× 10−6/

· TM[s]). In the system studied here, forgz = 2.313 (24),
e width of the spin packet is 0.107 G at 4.2 K and in-

reases to 0.227 G at 53 K as a result of the Cu complex m
ons. This broadening can be observed in the ESEEM spect

FIG. 8. Circular-cross section through the potential energy surface of th

a

o
m
1
(
s
w
d
is
t
in
t
a
f
E

Z
t
b
T
t
c
p
t
d
e
m
n
t
t
lo
bronic Zn(L-aspartate)· 3H2O:Cu2+ complex with vibronic levels determined

om EPR and ESE measurements. The wavy lines show the phonon-controlle
nneling process between the wells.

of
as
T AL.

.

t

n-

n

te

-
a

FIG. 9. Comparison of the temperature variations of the spin–lattice relax
on and the dephasing rate in the Zn(L-aspartate)· 3H2O:Cu2+.

tained as the Fourier transform of the function describing th
odulation of the ESE amplitude. The modulated ESE decay

K is shown in Fig. 4, where the inset presents the FT-ES
SEEM) spectrum. This pseudo-ENDOR-type spectrum con
ts of many lines fromlH nuclei at the Larmor frequencyωL

th overtones at 2ωL, as well as the peak from14N. At least one
ublet around the matrix proton frequency (marked by arrow
well seen in the proton lines region. This is due to the interac
ns with protons of the nearest water molecules. Resonanc
the ESEEM spectrum are continuously broadened when t
mperature increases, and the hyperfine structure is smeared
about 50 K. The structures resolved in the ESEEM spectru
rm unresolved spin packets of superhyperfine structure in th
R spectrum of Zn(L-aspartate)· 3H2O:Cu2+.

V. CONCLUSIONS

We have shown above that, although Cu2+ complexes in
(L-aspartate)· 3H2O undergo the pseudo-Jahn–Teller effect

e electron spin–lattice relaxation is not governed by the v
onic dynamics below 50 K. The reason for this seems clea
ere is a strong nonequivalence in energy among the three p

ntial wells (distorted configurations of the octahedral Cu2+

mplexes) formed by the Jahn–Teller effect in the adiabat
tential surface. Because of this nonequivalence, the coher

nneling between the ground vibronic states of neighbor wel
es not operate, and the complexes are localized in the de
t potential well at low temperatures. However, the domina
echanism of the phase relaxation is related to the vibronic d
mics and occurs through the phonon-controlled excitations

e higher energy level of energy1 = 243(5) cm−1. These data,
gether with our previously published cw-EPR results (24), al-
w one to draw the vibronic energy levels scheme in the wel
dthe adiabatic potential surface of the Cu complex in Zn(L-
partate)· 3H2O, as shown in Fig. 8. Two vibronic levels are
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localized in the deepest potential well, appearing along thez-ax
of the Cu2+ complexes, with splitting1. The value of1 is pra
tically the same as the energyδ12 = 240 cm−1 of the groun
vibronic level in the second potential well which was d
mined from the temperature variations of theg-factor (24). Thu
the tunneling from the level1 to the levelδ12 and rapid ba
relaxation are an effective mechanism of the phase rela
and the driving mechanism of Jahn–Teller dynamics.

Our results clearly show an advantage of the cw- and
EPR methods in the determination of vibronic energy l
which are not easy to determine by other spectroscopic
niques in the case of a low concentration of vibronic comp
in crystals.
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